Abstract: This paper presents a review on the problems encountered in machining titanium and application of USM in machining titanium and its alloys. Experiments have been conducted to assess the effect of three factors-tool material, grit size of the abrasive slurry and power rating of ultrasonic machine on machining characteristics of titanium (ASTM Grade I) using full factorial approach for design and analysis of experiments. It has been concluded that all factors have significant effect on Material Removal Rate (MRR), Tool Wear Rate (TWR) and surface roughness of the machined surface. Two-way interactions having significant effect on MRR, TWR and surface roughness have also been identified using Minitab14 software. The levels for each factor that contribute the most to the variation in machining performance of USM of titanium have also been established. It has been concluded that titanium is fairly machinable with USM process. Moreover, the surface finish obtained is better than many of the other non-traditional processes.
Introduction
Ultrasonic Machining (USM) is a non-conventional mechanical material removal process used for machining both electrically conductive and non-metallic materials; preferably those with low ductility (Gilmore, 1989; Moreland, 1988 ) and a hardness above 40 HRC (Gilmore, 1990; Haslehurst, 1981) for example, inorganic glasses, ceramics, nickel alloys, etc. The process came into existence in 1945 when L. Balamuth was granted the fist patent for the process. USM has been variously termed ultrasonic drilling; ultrasonic cutting; ultrasonic abrasive machining and slurry drilling.
In USM, high frequency electrical energy is converted into mechanical vibrations via a transducer/booster combination, which are then transmitted to an energy focusing as well as amplifying device: horn/tool assembly. This causes the tool to vibrate along its longitudinal axis at high frequency; usually >20 kHz with an amplitude of 12-50 µm (Kennedy and Grieve, 1975; Kremer, 1991) . The power ratings range from 50 to 3000 W and a controlled static load is applied to the tool. Abrasive slurry, which is a mixture of abrasive material; for example, silicon carbide, boron carbide or aluminium oxide suspended in water or some suitable carrier medium is continuously pumped across the gap between the tool and work (∼25-60 µm). The vibration of the tool causes the abrasive particles held in the slurry to impact the work surface leading to material removal by microchipping (Moreland, 1984) . Figure 1 shows the basic elements of an USM set up using a magnetostrictive transducer. 1 Rotary Ultrasonic Machining (RUM). In this process, tool vibrates and rotates simultaneously thereby improving the Material Removal Rate (MRR) and reducing the geometric inaccuracies; for example, oversize and out of roundness, etc. (Gilmore, 1991) .
2 USM combined with Electric Discharge Machining (EDM) (Farago, 1980) .
3 Ultrasonic assisted cutting/machining. Ultrasonic assisted turning is the most common process in this category.
4 Other non-machining applications such as cleaning, welding, coating and forming, etc.
The aim of this research work carried out, which is being presented in this paper, is to identify potential significant factors contributing to machining performance of USM of titanium (ASTM Grade I) in terms of three machining performance indices-MRR, Tool Wear Rate (TWR) and surface roughness of the machined surface. The problems experienced in machining titanium with conventional and other unconventional machining methods have also been reviewed. Finally, the most significant levels for each of the factors undertaken in this study have also been established using statistical testing.
Literature review on USM of titanium
Titanium and its alloys are used extensively in aerospace because of their excellent combination of high specific strength, which is maintained at elevated temperature, their fracture resistant characteristics and their exceptional resistance to corrosion. They are being used increasingly in other industrial and commercial applications such as petroleum refinery, nuclear reactors, surgical implants and marine applications. They are also being used exclusively for aerospace industry, mainly in airframe construction, where maximum ease of formability is desired. Other applications include compressor blades, rocket cases and offshore pressure vessels Ezugwu and Wang (1997) .
The machining of titanium and its alloys is generally cumbersome owing to several inherent properties of the material. Titanium is very chemically reactive and therefore, has a tendency to weld to the cutting tool during machining thus, leading to premature tool failure (Ezugwu and Wang, 1997) . Its low thermal conductivity increases the temperature at the tool-work interface thus, affecting the tool life adversely. Additionally, its high strength maintained at elevated temperature further impairs the machinability. Owing to all these problems, it is very difficult to machine titanium and its alloys by conventional machining processes and moreover, by conventionally used tool materials. In the last few decades, there have been great advancements in the developments of cutting tools, including coated carbides, ceramics and cubic boron nitride and polycrystalline diamond. However, none of these newer developments had successful application in the machining of titanium and its alloys with conventional processes due to their peculiar characteristics. Straight tungsten carbide cutting tools have proven their superiority in almost all machining processes of titanium alloys, but still there is a great scope for improvement in machining efficiency.
Non-traditional machining methods such as Electric Discharge Machining (EDM) and Laser Beam Machining (LBM) has been applied to the machining of titanium and its alloys during recent times but even these established processes have their limitations; particularly in machining of small and deep holes in titanium and its alloys. With EDM process, one problem is that the debris in machining gap cannot be eliminated easily, and the machining status is unstable during the process (Lin and Yan, 2000) . Another reason is that titanium has a low heat conduction efficiency and high tenacity. LBM can be applied for machining of titanium, but even this process has its own problems in forming pear shaped holes and tapering of holes, holes with straight profile are difficult to obtain. USM can be suitable for machining titanium and its alloys due to the following characteristics Kazantsev et al. (1973) .
The application of USM for titanium and its alloys has been reported by a few researchers. Sharman et al. (2001) have discussed the application of ultrasonic assisted turning to titanium aluminide. As compared to conventional turning, the cutting forces are reported to be of very small magnitude (approx. 12%) in this process, thereby, improving both the tool life and surface finish. Aspinwall and Kasuga (2001) have reported the use of USM for production of 3 mm holes in γ -titanium aluminide.
In machining with conventional methods, titanium aluminide; an alloy of titanium, encounters problems of surface integrity and microcracking. When machined with USM, satisfactory results have been achieved with polycrystalline diamond tooling. Grit size has been identified as the greatest factor affecting MRR followed by static load, tool type: solid/hollow and power level. In contrast to brittle materials, the combination of fine grit size, low power level and solid tool type gives maximum TWR. The surface finish obtained is superior to ceramics. Wansheng et al. (2002) have investigated the effect of ultrasonic vibration introduction in EDM process to machine microholes in titanium alloy; concluding an increase in MRR as well as the process stability along with reduction in arcing phenomenon. When applied to machining of titanium alloy, the combined EDM-USM process has been found to demonstrate better performance in terms of improved MRR, discharging efficiency and reduced thickness of the recast layer (Wansheng et al., 2002) . Lin and Yan (2000) have also shown a similar result; the introduction of ultrasonic vibration into deep hole EDM of titanium alloy can improve the machining quality and efficiency distinctly. Singh and Khamba (2006) have investigated the machining characteristics of titanium and its alloy (Ti-6Al-4V) using USM process. They have reported optimum MRR and TWR with boron carbide as abrasive material with grit size 220 and Stainless steel as tool material. The surface finish has been reported to be better than that obtained while machining brittle materials such as ceramics.
Design of experiments and experimentation
From the literature survey undertaken regarding the application of USM for titanium and its alloys, it is evident that use of USM as a machining process for titanium has not been explored to a great extent. Moreover, the power rating of USM as a factor has not been reported by any investigator up to the best knowledge of the author. Hence, power rating of the ultrasonic machine was selected as a process parameter in this study.
In all, three factors were selected for experimentation -tool material; with two levels: High carbon steel and titanium alloy, grit size of abrasive and power rating of the ultrasonic machine. High carbon steel (1095) and titanium alloy (ASTM Grade-V) were selected as tool materials because they possess a wide spectrum of mechanical and physical properties, which could be of significance in USM of titanium. The chemical composition and few important mechanical properties of both tool materials are given in Tables 1 and 2 , respectively. Both tools were prepared as solid cylindrical type with diameter 8 mm. The response factors to be studied were fixed as: MRR of titanium workpiece, TWR of both the tools used and surface roughness of the machined surface. To study the influence of power rating of the ultrasonic machine and grit size of the abrasive material, a pilot experimentation was performed using both tools (of HCS, titanium alloy) and different levels of power rating (from 100 to 500 W) with equal intervals of 100 W and different grit sizes (100-600). Experiments were performed with Sonic Mill-AP 500 W set up manufactured by Sonic Mill, Albuquerque. Aluminium oxide was used as an abrasive material for preparing the slurry with a concentration of 25%. Three grit sizes of 220, 320 and 500 were selected for final experimentation as they represent a wide range of average particle size (16-64 microns) and also exhibit strong influence on the variation in machining performance as observed in pilot experimentation. Power levels beyond 400 W could not be selected as the machining status was highly unstable after crossing this value. Moreover, the machining performance was very low for power rating less than 100 W. Hence, four power levels were finalised for the experimentation: 100, 200, 300 and 400 W. Titanium (ASTM grade I) was used as the work material in the experimentation. The chemical composition and other important properties of titanium are given in Table 3 . A summary of the work material, process parameters undertaken in the study and the parameters that were kept constant is given in Table 4 . MRR was calculated as loss in weight per unit time (mg/min). TWR was also computed in the same manner. Surface roughness was assessed with perthometer manufactured by Mahr (M4Pi) with a cut off value of 0.25 mm and tracing length of 1.5 mm. Three observations were taken for each hole and were averaged to get the value of roughness (Ra). There are several approaches to design the experiments such as full factorial designs, fractional factorials, Latin square designs and taguchi's robust design of experiments technique. The identification of all the significant two-way interactions between the different factors cannot be realised effectively by using techniques such as fractional factorials and taguchi's robust design methodology (Astakhov, 2004) . Moreover, if any crucial factor is missed at the time of experimentation or any particular combination of the selected factors is not put into trial, sometimes the results obtained might just be inadequate from the point of view of optimisation. Full factorial designs usually result in more experimentation requirements and hence more time and resources consumption in performing it but at the same time, have been reported to provide best accuracy in design and subsequent analysis of experiments (Hicks and Turner, 1999) . Hence, this approach was used in designing and analysing the experimental runs. Each experiment was replicated twice to take the inherent variability of the process into consideration. The 24 experimental runs were completely randomised to minimise the effect of noise factors and error. Table 5 depicts the design matrix for the experimental runs (trial number has been indicated in brackets). The results obtained for MRR, TWR and surface roughness has been indicated in Table 6 . All the values indicated are averages of three samples for each run as each experiment was replicated twice. 
Analysis of data
The results obtained were analysed with Minitab 14 software. Analysis of Variance (ANOVA) was performed on the experimental data depicted in Table 7 . Main effects for all the factors undertaken in the study were assessed for data means of the response variables-MRR, TWR and surface roughness. The two-way interactions among the process parameters were also tested for their significance. Finally, the Newman-Keuls test was performed on each process parameter to identify the level of each factor contributing most to machining performance. 
Main effects due to parameters
The main effects are assessed by level average response analysis of the raw data. This analysis was done by averaging the raw data at each level of each parameter and plotting the values in graphical form. The level average responses from the raw data help in the analysis of the trend of the performance characteristic with respect to the variation in the factor under study. Figures 2 and 3 shows the main effects due to all the three parameters. 
Interactions among the process parameters
Two-way interactions among the process parameters were assessed for their effects on the performance characteristics. Three interactions that were tested are: Tool-power rating, Grit size-power rating and Tool-grit size. 
Analysis of variance
ANOVA technique helps in obtaining the information about the effect of each process parameter on the performance characteristic of the interest. The total variation in the result is sum of variation due to various controlled factors and their interactions and variation due to experimental error. ANOVA on the raw data has been performed to identify the significant factors and the levels for each factor that contribute most to the variation in the performance characteristics. The pooled ANOVA results for MRR, TWR and surface roughness have been given in Tables 7-9 , respectively. The identification of the levels for each process parameter that contribute most to the variation in the three performance indices has been done by conducting the Newman-Keuls test. The mathematical model for this experimentation and design would be With Y ijkm as the measured response variable (MRR, TWR, etc.), µ as a common effect in all observations (the true mean of the population), T i as the tool type effect (where i = 1, 2) with level 1 the HCS tool, G j as the grit size effect (j = 1, 2, 3) with level 1 the 220 grit size, P k as the power rating effect (k = 1, 2, 3, 4) with level 1 the 100 W power rating, TG ij as the effect of the two way interaction between tool and grit size and so on. ε m(ijk) is the effect produced by random experimental error.
Results and discussion
After analysing the results obtained with ANOVA, the effect of each parameter on MRR, TWR and surface roughness was studied. The trends of variation for various performance characteristics have been observed and are discussed here.
Material removal rate
MRR for titanium (ASTM Grade I) workpiece was calculated as the loss of weight per unit time at all combinations of tool-grit size-power rating. The values against different experimental conditions have been tabulated in Table 3 and have also been plotted as mean effects of each process parameter in Figures 2 and 3 . It can be observed that high carbon steel as tool material results in better machining performance in terms of MRR of titanium workpiece. This can be attributed to higher hardness of the high carbon steel than titanium alloy. In USM, the indentation of abrasive grains in work and tool is inversely proportional to the hardness ratio of tool and work materials. Hence, use of a harder tool results in more indentation in the workpiece as compared to tool, increasing the MRR (Komariah and Reddy, 1993) .
The MRR obtained has been found to increase with the increase in coarseness of the abrasive grains. This is again, in accordance with the findings of most investigators (Lee et al., 1997; Smith, 1973; Treadwell et al., 2002; Zhang et al., 1999) . As shown in Figure 2 , MRR drops rapidly with change in the grit size from 220 to 320 and drops further from 320 to 500, but at a diminishing rate. Coarser grains result in more energy input to workpiece per impact thereby, removing larger chunks of material. After crossing the grit size of 320, the mean particle size of the abrasive grains comes closer to the mean gap between the work and tool as well as the amplitude of vibration, which promotes efficient machining of workpiece. The effect of lesser energy input to the workpiece is thus, lesser-pronounced, leading to lesser variation in MRR.
As far as the effect of power rating of USM on MRR is concerned, any increase in power rating is expected to improve MRR as the momentum with which the abrasive particle striking with the workpiece increases manifold with a small increment in power rating. As titanium is comparatively a tough material with good strain hardening capacity, the relative tool-work hardening plays a large role in the indifferent behaviour of MRR with change in power rating. At all grit sizes of alumina, the MRR obtained has been found to increase sharply while increasing the power rating from 300 to 400 W. The increase in MRR from 100 to 200 W has been found to be marginal, whereas MRR drops marginally with increasing power level from 200 to 300 W.
The significance of the process parameter for their effects on MRR has been assessed by performing ANOVA. The results have been summarised in Table 7 . All the three parameters have been found to be highly significant at 95% confidence level. Two-factor interaction of tool-power rating has also been found significant. The remaining two interactions grit size-power rating and tool-grit size are significant at 90% confidence level.
Tool wear rate
TWR for both the tools at different grit size-power level combinations has been plotted in Figure 2 . TWR has been calculated as loss of weight of the tool after each experiment per unit time. It can be observed that TWR for high carbon steel tool is more than tool made of titanium alloy by 3-5 times at each power rating. This again, can be explained on the basis of hardness ratio of both the materials involved. Titanium tool experiences lesser tool wear due to its work hardening capability. As a result of the repeated impacts of abrasive grains on the tool surface, titanium being lesser harder and strain hardenable, undergoes significant amount of plastic deformation before fracture. Hence, the TWR of titanium alloy is remarkably less. High carbon steel, on other hand being harder and brittle is worn out at a rapid rate by brittle fracture of the surface.
Regarding grit size of the slurry used, TWR pattern is almost same as that followed by MRR. Use of coarse abrasive grains results in stronger impacts on the tool surface and hence, the rate of fracture increases. This can also be visualised from the interactions plot of various parameters for TWR ( Figure 6 ) that for a given tool material, TWR is maximum at that particular grit size-power level combination which corresponds to maximum MRR. In other words, TWR is maximum at the points of maximum MRR. This phenomenon has also been put forward by other investigators (Adithan, 1981; Jadoun et al., 2006; Smith, 1973; Thoe and Aspinwall, 1998) . In USM process, the parameter settings that result in maximum MRR also involve maximum TWR. This is the inherent characteristic of the process.
The behaviour of TWR with respect to power rating is in line with MRR. So, it can be explained on the similar grounds. Power level of 400 W leads to a rapid increase in TWR for both tools. ANOVA results conform the significance of all the three parameters-tool type, grit size and power rating at 5% level. All the process parameters are equally significant as far as their effect on TWR is concerned. Two-way interactions of tool-grit size and tool-power rating are significant at the chosen level of significance and interaction of grit size-power rating is marginally significant (Table 8) .
Surface roughness
The centre average value of surface roughness for the holes machined in the titanium workpiece was measured by using digital perthometer. For each hole, three readings were taken and averaged to get the final value for each hole. As each experimental run was replicated twice, so the procedure was repeated for three samples for each run.
From the main effects plot (Figure 3) for SR, it can be observed that the factor tool has almost negligible effect on surface roughness. In case of TI31 tool, surface roughness decreases with increase in MRR (with grit size 220 and 500), which is contrary to the normal observation. However, it behaves differently with 320 grit size of alumina ( Figure 5 ).
Power levels of 300 and 400 W have significant effect on roughness whereas grit size has a strong effect at all three levels. Surface roughness of the machined surface has been found to be least at power level of 300 W. This can be attributed to the least MRR observed at this particular power rating. The rate at which the fracture propagates through the work material affects the height of microcavities generated in the surface. Any increase in MRR of the work material corresponds to the creation of larger size microcavities in the surface, which is associated with more roughness. The sharp increase in roughness at power level of 400 W and grit size of 220 can also be explained on this basis.
From the ANOVA results for surface roughness as response variable (Table 9) , grit size is the only factor that appears to be significant. No two-way interaction is of significance, whereas the interaction plots for SR depict strong interactions between all the factors particularly, tool and grit size. However, the conclusions given by ANOVA summary are final in this regard.
Identification of most significant levels for each parameter
After testing the process parameters and their interactions for significance for their effect on the variation in the response variables, it is equally important to establish the most significant levels for each factor that can contribute most to the machining performance of USM. Newman-Keuls test was applied to the data means for each level of each parameter. The data means for different levels of each factor are summarised in Table 10 . 
Test on power rating for data means (MRR)
Newman-Keuls test has been performed on data means for various levels of power rating factor (for MRR as a response). The steps in conducting the test are detailed here. 2 Mean error sum of squares for MRR is 0.06 (Table 4 ) with 6 DF. Hence the standard error is calculated as square root of 0.06/6, which comes out to be 0.1. As it is evident from the comparisons given above, level 4 of power rating (400 W) has its mean value (µ) significantly higher than the mean values at other levels (levels 1-3). So it can be concluded that for power level factor, level 4 contributes the most to the variation in MRR. The other levels of this factor have their means almost equal so their contribution is very less. All the factors were subjected to the Newman-Keuls test for all levels and the results obtained have been summarised in Table 11 . On the basis of these results, the levels for each factor that contribute most to the variation in MRR, TWR and SR have also been identified and listed in Table 12 . It can be concluded that level 1 (HCS) of the tool is most significant for MRR and TWR whereas level 4 of the power rating factor that is 400 W. For grit size factor, level 1 (220 mesh size) have been found to be most significant for all performance characteristics. For surface roughness, as tool and power rating factors are not having a significant effect (ANOVA Table 9 ) hence no level of these factors can be concluded as most significant. The macromodel developed for optimised conditions of MRR, TWR and surface roughness has been given in Table 13 . It can be seen that the conditions that correspond to optimum surface roughness are only dependent on grit size of the abrasive slurry. 
Conclusions
This work presents the identification of process parameters for USM process that put a significant effect on the machining performance of the process for titanium as work material and subsequently, the most significant levels for each parameter undertaken in the study. ANOVA was performed on the response variables data produced from the experimentation which was designed by using full factorials approach. The significance of all the three parameters studied was conformed by ANOVA results. For MRR and TWR, all the three parameters were found to be significant for their main effects. Two-way interactions among tool and power rating, tool and grit size and grit size-power rating were also significant for MRR and TWR. For surface roughness, grit size of the abrasive slurry was the only factor found significant. None of the two-factor interactions were found to have any significance for surface roughness.
High carbon steel as the tool material was found to contribute most to the variation in MRR and TWR. For Grit size factor, level 1 (mesh size 220) was identified as the most significant for its effect on the variation in MRR, TWR and surface roughness. For power rating factor, level 4 (400 W) has been most significant for MRR and TWR. The other important conclusions that can be drawn from this study are
